Abstract In this study, an end-point-based fluorescence assay for soluble epoxide hydrolase (sEH) was transformed into an on-line continuous-flow format. The on-line biochemical detection system (BCD) was coupled on-line to liquid chromatography (LC) to allow mixture analysis. The on-line BCD was based on a flow system wherein sEH activity was detected by competition of analytes with the substrate hydrolysis. The reaction product was measured by fluorescence detection. In parallel to the BCD data, UV and MS data were obtained through post-column splitting of the LC effluent. The buffer system and reagent concentrations were optimized resulting in a stable on-line BCD with a good assay window and good sensitivity (S/N [ 60). The potency of known sEH inhibitors (sEHis) obtained by LC-BCD correlates well with published values. The LC-BCD system was applied to test how oxidative microsomal metabolism affects the potency of three sEHis. After incubation with pig liver microsomes, several metabolites of sEHis were characterized by MS, while their individual potencies were measured by BCD. For all compounds tested, active metabolites were observed. The developed method allows for the first time the detection of sEHis in mixtures providing new opportunities in the development of drug candidates.
Introduction
Soluble epoxide hydrolase (sEH) plays an important role in regulation of blood pressure, pain and inflammation [1] . In mammals, sEH is expressed in various tissues. The endogenous substrates of sEH are among others epoxyeicosatrienoic acids (EETs), which are hydrolyzed to dihydroxyeicosatrienoic acids (DHETs), thus leading to decreased blood levels of EETs. Various studies show that EETs and epoxides of other unsaturated fatty acids are antiinflammatory, analgesic agents and lower blood pressure [2] [3] [4] . The biological levels of epoxy fatty acids can be increased by sEH inhibitors (sEHis), leading to reduction in inflammation, pain, and cardiovascular diseases in various animal models [5, 6] . Thus, sEHis are a promising new class of pharmaceutical drug candidates.
During the lead development process, metabolism studies play an important role. Not only the pharmacokinetic profile, but also the biological effects of metabolites are relevant for the action of drugs. Metabolites can be inactive, reactive, but also pharmacologically active towards the same pharmacological target or against off-targets. Screening metabolic mixtures for individual bioactive metabolites is not possible with standard end-point plate-reader-based screening methodologies. For sEH, several end-point assays have been developed, based on fluorescent detection, radiometry, and mass spectrometry [7] [8] [9] . However, these assays are only suited to screen pure compounds. The analysis of mixtures would only yield the sum of the total bioactivity of the mixture [10] . In order to assess the bioactivity of individual metabolites, fractionation has to precede the screening. As this is time-consuming, costly, and has to be performed at low resolution to prevent too much dilution, such approaches are inefficient for bioactivity profiling of metabolic mixtures [11] . One way of tackling this problem is the application of an on-line post-column screening approach, known as highresolution screening (HRS) [12] . This technology continuously mixes bioassay reagents with the eluent after an LC separation of a mixture of compounds [13] [14] [15] , such as metabolic mixtures [16] . For HRS screening with enzyme targets, like in this LC-BCD system, inhibition can be measured by detecting a decrease in the enzymatic formation of a fluorescent product. Splitting part of the LC eluent between the BCD and mass spectrometry (MS) enables correlation of bioactivity with identity for all individual metabolites [14, 17, 18] .
This paper describes the development of an LC-BCD system for sEHis and its application in the efficient profiling of active oxidative metabolites. For this purpose, a fluorescence end-point plate-reader assay [7] was converted into an on-line BCD format. The on-line BCD uses the non-fluorescent substrate (3-phenyl-oxiranyl)-acetic acid cyano-(6-methoxy-naphthalen-2-yl)-methyl ester (PHOME), which is converted to the fluorescent product 6-methoxy-2-naphthaldehyde by sEH. The new analytical method was thoroughly optimized and validated. The obtained inhibition efficacy of known inhibitors compared well to literature values. Finally, microsomal incubations of three sEHis were screened for active metabolites.
Materials and Methods

Materials
Human recombinant sEH was expressed and purified as described [19] . The sEH inhibitors and the substrate PHOME as well as its fluorescent product are shown in Fig. 1 . Their synthesis was reported earlier: PHOME [8] ; sEHi 1 [8] ; sEHi 2 [20] ; sEHi 3 [21] ; sEHi 4 [22] ; sEHi 5 [23] ; sEHi 6 and sEHi 7 [24] . ELISA blocking reagent (EBR) was purchased from Roche Diagnostics (Mannheim, Germany). All other chemicals were from Sigma-Aldrich (Schnelldorf, Germany). Methanol (LC-MS Grade) and formic acid (ULC-MS Grade) were obtained from Biosolve (Valkenswaard, The Netherlands). The water used in Fig. 1 Structures of a the sEHis used in this study, and b the reaction scheme of the substrate PHOME to its fluorescent product this study was generated with a Milli-Q academic from Millipore (Amsterdam, The Netherlands).
Liquid Chromatography-Biochemical Detection (LC-BCD) System
The LC-BCD system shown in Fig. 2 includes separation, on-line BCD and additional parallel spectrometric detection. Separation and on-line BCD were done on an Agilent Technologies (Amstelveen, The Netherlands) 1100 LC system including a binary and two isocratic pumps, an autosampler, a column oven and a fluorescence detector. Separation was performed on a Waters (Milford, MA, USA) Atlantis dC 18 column (100 9 2.1 mm, 3 lm particles) at 40°C. The mobile phase consisted of water:methanol 100:1 (v:v) as solvent A and methanol:water 100:1 (v:v) as solvent B, both containing 0.01 % formic acid. A mixture of known sEHis (125 lM each) was separated using the following gradient: 0-2 min isocratic at 50 % B, then a linear gradient to 90 % B in 43 min and isocratic at 90 % B for 4 min; afterwards a linear decrease to 50 % B in 2 min followed by 15 min re-equilibration. The LC gradient applied for the analysis of the metabolic incubations was as follows: 0-2 min isocratic at 5 % B, followed by a linear gradient to 95 % B in 43 min, isocratic at 95 % B until 49 min then a linear decrease to 5 % B in 6 min followed by 10 min re-equilibration. For analysis in flow injection analysis mode (FIA), the same set-up was used, but without the column. The LC flow-rate was 150 lL/min and the injection volume 10 lL in all cases. The flow was post-column split (see Fig. 2 ), directing 135 lL/min to the MS detection and 15 lL/min to the on-line BCD. In the BCD, the eluent was first mixed with 155 lL/min of a 5 nM sEH solution and incubated for 30 s. This allowed an initial interaction between analytes and enzyme. In a second step, a 30-lM solution of PHOME was added at 30 lL/min and incubated for 5 min. Here, the substrate conversion to the fluorescent product took place, which allowed detection of the enzyme activity. The incubations were done in 1.73 m straight 250 lm i. The enzyme and substrate solutions were delivered by in-house built superloops which were kept on ice [25] . The fluorescence was measured at excitation of 320 ± 10 nm and emission of 460 ± 10 nm. In parallel to the on-line BCD, detection was performed by UV at 210 nm and/or by mass spectrometry.
Both techniques are able to visualize both the binders and the non-binders. In addition, MS provides structural information. The on-line BCD and the parallel UV or MS detection have different void volumes after the splitting and thus the elution times differ. The UV or MS and BCD chromatograms were aligned using a known compound, e.g., the residual parent compound in case of the metabolic incubations.
Determination of Inhibitor Potency
The potency of five known sEHis ( Fig. 1) was determined based on their apparent IC 50 values to characterize the performance of the LC-BCD system. These sEHis have been selected in such a way that their IC 50 values ranged from low to high nanomolar, thus covered approximately three order of magnitude of inhibitory activity. For measuring the IC 50 values, dose-response curves were obtained by injecting the inhibitors into the LC-BCD system under isocratic conditions at 50 % methanol in FIA mode. The following concentrations and one blank were injected in duplicate per inhibitor: 0.5, 1, 2, 5, 10, 20 and 50 lM for Fig. 2 Setup of the LC-BCD system. The system combines separation, on-line BCD and additional UV or MS detection in parallel. It includes 1 autoinjector, 2 reversed-phase LC column, 3 flow-splitting between parallel 9 UV or ESI-MS detection and 4-8 the on-line BCD. The BCD comprises of 4 mixing of LC effluent and an sEH solution, 5 incubation with the enzyme, followed by 6 mixing of PHOME solution, 7 incubation with PHOME, and finally 8 fluorescence detection sEHi 1; 1, 2, 5, 10, 20, 50, 100 and 200 lM for sEHi 2; 0.5, 1, 2, 5, 10 and 20 lM for sEHi 3; 1, 2, 5, 10, 20, 100, 500 and 1000 lM for sEHi 4; 0.05, 0.1, 0.2, 0.5, 1, 2 and 10 lM for sEHi 5.
Metabolite Identification Using Mass Spectrometry LC-MS for metabolite identification was done either on a Bruker Daltonik (Bremen, Germany) micrOTOF-Q quadrupole time-of-flight hybrid MS, using the above described conditions, or using an ion-trap time-of-flight mass spectrometer (IT-TOF, Shimadzu, 's Hertogenbosch, The Netherlands). In the latter case, a 30-min gradient and a 100 9 2.1 mm Waters XBridge C 18 column (3.5 lm particles) were used. Positive-ion electrospray ionization (ESI) was applied in both instrument. Other relevant instrument settings are summarized in the Supporting Information (Supplemental material 1). The mass accuracy was better than 5 ppm on both instruments. The accurate-mass data obtained were used to determine the elemental composition of the metabolites and accordingly of the fragments.
Buffer and Compound Solutions
A 25-mM 2-bis(2-hydroxyethyl)amino-2-(hydroxymethyl)-1,3-propanediol (BIS-TRIS) buffer containing 1 g/L EBR, 1 g/L bovine serum albumin (BSA) and 0.1 g/L Tween 80 was used at pH 7.0. Stock solutions of the sEH inhibitors and PHOME were prepared at 20 mM concentrations in DMSO. sEH stocks of 100 lM (6 mg/mL) concentration were kept at -80°C until use and dilutions were handled on ice at all times. All PHOME and sEH dilutions were prepared in this BIS-TRIS buffer.
Plate Reader Measurements
Plate reader-based measurements were performed to evaluate the reagent concentrations on a Victor3 plate reader from Perkin-Elmer (Groningen, The Netherlands). Black 96 'flat' bottom chimney well, polypropylene microtiter plates from Greiner bio-one (Alphen a/d Rijn, The Netherlands) were used. The total sample volume was 200 lL and the plates were incubated at 37°C. Product formation was followed by measuring the fluorescence at 355 ± 4 nm excitation and 460 ± 12.5 nm emission. The PHOME concentration was 50 lM and the sEH concentration 40 nM. Product formation was measured in 30 s intervals for 20 min under the influence of two different BSA concentrations, 0.1 g/L and 1.0 g/L. End-point measurements at 6 min were used to compare the activity of sEH under the influence of several solubilising agents. In additional experiments, the solubility of PHOME under the influence of these solubilising agents was tested in transparent plates. This was done by measuring precipitation of a 45-lM PHOME solution by visible absorption at 595 ± 10 nm.
Microsomal Incubations
The LC-BCD/MS system was applied to investigate the metabolism of the three known sEH inhibitors sEHi 6, sEHi 1 and sEHi 7 and the bioactivity profile of their metabolites. Oxidative metabolites were generated by pig liver microsomal incubations in the presence of NADPH according to a modified version of a protocol described elsewhere [26] . In brief, reaction mixtures were prepared in 50 mM potassium phosphate buffer (pH 7.4) including 5 mM magnesium chloride. The mixtures containing 6 mM NADPH, 2.6 mg/mL pig liver microsomes and 100 lM sEHi were incubated for 2 h at 37°C. To ensure continued availability of NADPH, 5 mM glucose-6-phosphate and 5 U/mL glucose-6-phosphate dehydrogenase were used as regenerating system. In addition, 10 % (v/v) of a 10-mM NADPH solution in the above mentioned phosphate buffer was added after 30, 60 and 90 min, respectively. The reactions were stopped by adding ice-cold acetonitrile 2:1 (v:v). The samples were then centrifuged at 16,000g for 5 min. The supernatants were taken, freeze-dried and stored at -20°C. For the LC-BCD/MS analysis, the samples were re-dissolved in a 30 % aqueous methanol solution, providing 20-fold higher concentrations.
Results and Discussion
Development of an LC-BCD System for the Detection of sEH Inhibitors
The aim of this study was to develop a system for the bioactivity assessment towards sEH of individual compounds in complex mixtures. For this purpose, a homogeneous, continuous-flow detection format was applied based on the enzymatic conversion of the substrate PHOME and fluorescence readout of the reaction product (Fig. 1) [7] .
Initial plate reader experiments were used as starting conditions for the optimization of the enzyme and substrate concentrations in the on-line setup. This was achieved by determining the signal-to-noise ratios (S/N) at full inhibition in the LC-BCD by injecting sEHi 2 at a concentration of 100 lM while the on-line BCD was performed at several enzyme/substrate concentration combinations. PHOME was applied at concentrations of 4.5, 2.3 and 1.2 lM in combination with a sEH concentration of 4 nM. Concentrations of 40, 8 and 4 nM sEH were tested at a PHOME concentration of 4.5 lM. Finally, a mixture of 4 nM sEH and 4.5 lM PHOME was incubated off-line for 30, 45, 60 or 90 min and directly infused into the fluorescence detector to assess the fluorescence intensity at full substrate conversion.
In contrast to the earlier developed end-point platereader assay, an on-line format requires a shorter incubation time. The BCD system was set up with a 5 min reaction time to minimize band broadening in the LC-BCD system. In order to increase the solubility of PHOME at room temperature, 0.1 g/L Tween 80 were added to the buffer without measurable influence on the enzymatic conversion (data not shown). The substrate was used close to its limit of solubility (30 lM) in the superloop, thus with a substrate concentration of 4.5 lM in the reaction coil (Fig. 2) . This concentration is lower than the MichaelisMenten-constant (K M ) of PHOME for sEH, which is above its limit of solubility [8] . Thus, at a concentration of 4.5 lM of PHOME, the enzyme is not in saturating condition allowing the sensitive detection of inhibitors. Additional actions to shorten the reaction time comprise a BSA concentration of 1.0 g/L rather than 0.1 g/L.
The enzyme concentration was adjusted to yield about 20 % substrate conversion in a 5-min reaction time. This low percentage of conversion ensures that the reaction is still in the initial conversion stage where no significant rate and concentration limiting effects are observed. It was found that only 4 nM sEH in the reaction coil were sufficient, which is almost identical to the concentration of 3 nM in the end-point method [7] . Figure 3 shows the most important BCD parameters and demonstrates that the reaction causing the BCD baseline is of enzymatic nature. Section 1 of Fig. 3 shows the background level of fluorescence generated with buffer-filled superloops. When the PHOME substrate solution was introduced (point 2 in Fig. 3 ), the fluorescence signal somewhat increased due to fluorescence of the substrate and/or autohydrolysis and/or presence of trace amount of the fluorescent product in the substrate (section 3 in Fig. 3 ). After the enzyme is added to the other superloop (point 4 in Fig. 3 ), a rapid increase in the signal is observed resulting in a stable baseline due to the steady state of the enzymatic reaction (section 5 in Fig. 3) . When cooling the reaction coil on ice (point 7 in Fig 3) , the signal returns to the baseline of the substrate solution (section 8 in Fig 3) . The absence of conversion under these conditions clearly demonstrates that the increased fluorescence signal is caused by the enzymatic conversion of PHOME to its fluorescent product.
The most important parameter of the BCD system is the difference between the steady state of the reaction serving as baseline of BCD and the background signal (number 6 in Fig. 3 , indicating the difference in fluorescence signal between section 5 and section 8 in Fig. 3 ), also known as assay window. In this case, the assay window is nine times higher than the substrate fluorescence. Together with the stability of the signal, a S/N ratio of 70 results between full inhibition of sEH and the steady state, allowing a detection of as little as 5 % inhibition of the added sEH. In conclusion, the data quality of the on-line BCD is more than adequate to detect the significant part of the sigmoidal dose-response behavior of inhibitors between 10 and 90 % inhibition.
As the sEHis are introduced into the on-line BCD from an LC setup, their activity is visualized as a negative chromatographic peak, which is a result of the indirect enzymatic activity measurement: higher inhibitor activity means less fluorescent product formation. Furthermore, the dose-response behavior in the on-line BCD changes to a sigmoidal one due to the underlying competitive biophysical interactions between enzyme, substrate and inhibitor. All this is apparent from Fig. 4a where the overlaid BCD chromatograms of a dilution series of several sEHi 1 concentrations are shown.
Characterization of the LC-BCD System
The performance of the LC-BCD system to quantitatively measure the potency of sEHis was tested by analysis of five known inhibitors at different concentrations in FIA mode, Fig. 3 Analysis of BCD parameters. Several sections of the graph are highlighted by horizontal double-headed arrows in contrast to important time points which are highlighted by vertical arrows. Sections 1, 3 and 8 show the buffer, the substrate related and the complete background levels of fluorescence, respectively. Furthermore, section 5 depicts the baseline due to the enzymatic reaction. The points 2 and 4 mark the introduction of the PHOME substrate solution and of the sEH enzyme solution, respectively. Point 7 indicates the start of the cooling of the incubation tubing, which stops the enzymatic conversion in section 8. The difference between the fluorescence at full steady state reaction (section 5) and the combined fluorescence background at completely stopped reaction (section 8), as indicated by a vertical double-headed arrow (number 6), indicates the assay window. The eight numbers are explained in more detail in the text which is a fast way to measure IC 50 values if pure compounds are available. As shown in Fig. 4a , the injection of sEHi 1 resulted in negative peaks in the BCD chromatogram with increasing negative peak heights upon injecting increasing concentrations. The variance in peak height between duplicate injections was generally lower than 10 % (in 90 % of 36 samples). As previously shown for various enzymes, the negative peak height in LC-BCD systems can be used to calculate the percentage of inhibition [18, 27] . Based on the resulting dose-response curves (Fig. 4b) , it is possible to quantitatively rank the sEHis by their potency. Among the compounds tested, sEHi 5 was the most active and sEHi 4 the least active inhibitor. In order to deduce IC 50 values for each compound, the dilution of the injected amount of inhibitor in the LC-BCD system has to be taken into account [18, 28] . The dilution results from the mixing of LC eluent and BCD reagents (D m ), which depends on the flow rates of eluent entering the on-line BCD (u E ) and the total flow at detection (u F ).
In addition, inhibitors injected are also diluted due to their residence time in the flow system (D C ). In a test tube or well plate experiment, the inhibitor can be assumed to be evenly distributed after mixing. The same is only true for the diagonal distribution in the on-line BCDs. In the longitudinal dimension, which is reflected on the time axis, the inhibitor is distributed according to a near-Gaussian distribution which is typical to chromatography. This phenomenon is a result of longitudinal diffusion of the initially homogeneous injection plug (V i ). It further dilutes the injected concentration (c i ). The full width at half maximum (FWHM) and the flow rate (u C ) have to be derived from the same chromatogram, preferably from the BCD chromatogram which results in u C = u F .
Therefore, the final concentration at the maximum negative peak height (c F ), which can be calculated from Eq. 3, was used for the dose-response curves.
Thus, the dilution factors are calculated individually for every measurement, and they range from 71 to 210. The final concentrations were plotted against the corresponding percentages of inhibition and the data fitted with GraphPadPrism (GraphPad Software, La Jolla, USA). This results in the sigmoidal dose-response curves shown in Fig. 4b . The reproducibility of the data points measured (see above) and the quality of all the fits, expressed by resulting R 2 -values of[0.975, are further indications of the high data quality.
The calculated IC 50 values for the five compounds tested are given in Table 1 . They covered a range of about three orders of magnitude. This demonstrates that the developed LC-BCD method allows the measurement/detection of highly potent as well as weak sEHis. The potency of sEHi 5 was remarkably high, with an apparent IC 50 value of 2 nM. Given an enzyme concentration of 4 nM in the reaction coil, this is the highest potency which can be observed with the setup [9] . Most importantly, the newly developed LC-BCD method ranked the potency of the tested inhibitors in the same order as commonly employed end-point assays, except for sEHi 2 (Table 1) . However, for few sEHis, the determined IC 50 differed significantly from literature values: For sEHi 2, the observed potency by LC-BCD was about 20-fold higher compared to the value from an end-point assay, while the measured IC 50 value for sEHi 4 was about 4-fold higher than previously reported (Table 1 ). Similar to our observations, up to 20-fold differences have been described between different sEH assays, because the measured potency for individual sEHis is substrate-dependent [9] . This observation is substantiated with the results for sEHi 1. For this compound, using the same substrate, a very good agreement was found between our data and the literature [7] . The potencies for sEHi 3 and sEHi 5 are also consistent with literature values, despite use of different substrates (Table 1) . Overall, the results from the analysis of individual sEHis in the LC-BCD system show that the negative peak height is a suitable quantitative measure for the potency of inhibitors, and that the data obtained are in good agreement with other methods to characterize the potency of sEHis.
In contrast to end-point assays, the LC-BCD system combines identity and activity detection after chromatographic separation. It thus allows assessment of individual compounds in mixtures. This is demonstrated by analysing a mixture of sEHi 6, sEHi 1, sEHi 7, and two compounds without sEH activity, diclofenac and phenylbutazone. In this case, the BCD signal shows only three major peaks, which corresponded well with the elution times to the three sEHis, whereas in the corresponding LC-UV or LC-MS all five compounds are observed (data not shown). These experiments show that the developed LC-BCD system allows assessing the bioactivity of individual compounds in mixtures. In only one analysis step, it can distinguish between active and non-active compounds in mixtures.
Application of LC-BCD on the Analysis of Metabolic Mixtures of sEHis
In order to demonstrate the applicability of the LC-BCD system to the analysis of unknown mixtures, in vitro microsomal incubations of three sEHis were analysed. The LC-MS data showed that each compound was metabolized to several metabolites (Fig. 5) . By combining BCD traces and MS extracted ion chromatograms, the peaks of active compounds can be directly identified and structurally characterized.
For sEHi 6, three bioactivity peaks were observed (Fig. 5a) The LC-BCD chromatogram of the metabolic incubation trace of sEHi 1 showed four peaks (Fig. 5b) ? with m/z 243.208) were observed (Fig. 5b ). These metabolites gave rise to peaks BI BCD and BII BCD . By careful evaluation of the peak shapes and retention times, it MS corresponds to the peak CI BCD , indicating the compound is bioactive, but the increased tailing of CI BIO suggests that C2 is bioactive as well. All three sEHis were metabolized in the aliphatic chains and rings at either side of the urea function. A more detailed structural analysis was not possible as MS fragmentation only occurred in or next to the urea function. For all three sEHis tested, LC-BCD/MS analysis allowed the tentative identification of at least two inhibitory active metabolites. In only a single step analysis of 60 min, active metabolites can be detected. Moreover, it is possible to distinguish between active and non-active metabolites and to characterize bioactive compounds by their inhibitory potency and MS spectra.
Conclusion
A new LC-BCD system for the detection of sEHis in complex mixtures has been developed. The detection principle is a continuous-flow enzyme activity assay coupled on-line to LC with parallel MS detection. The substrate PHOME allowed sensitive and robust monitoring of bioactivity by fluorescence. After thorough optimization of the assay conditions, the incubation time in the BCD was reduced from 60 to 5.5 min. With a sEH concentration of only 4 nM in the reaction coil, the S/N ratio for complete sEH inhibition was still higher than 60. Analysis of several known sEHis demonstrated that the peak height, observed in LC-BCD can be used as quantitative measure for sEH inhibition. Moreover, the obtained potencies, measured as IC 50 values, for sEHis are in good agreement with previously reported values. The LC-BCD system is able to perform bioactivity analysis of individual compounds in mixtures. This was successfully demonstrated by the analysis of a standard mixture as well as of in vitro metabolic conversions of three known sEHis containing both active and non-active metabolites towards sEH. Here, LC-BCD revealed the formation of new active metabolites, which could be simultaneously characterized by LC-MS.
With the developed LC-BCD system, inhibitors can be detected and characterized in a single analysis. Given the increasing interest in sEH as drug-target for various diseases, this new technique may pave the route for the detection of new classes of sEHis in natural products or crude mixtures arising from organic synthesis. Moreover, metabolism studies with LC-BCD as read out will allow the identification of active metabolites in early stages of lead development and thus assist the identification of the best compounds as drug candidates.
